Human beings are thought to be unique amongst the primates in their capacity to produce rapid changes in the shape of their vocal tracts during speech production. Acoustically, vocal tracts act as resonance chambers, whose geometry determines the position and bandwidth of the formants. Formants provide the acoustic basis for vowels, which enable speakers to refer to external events and to produce other kinds of meaningful communication. Formantbased referential communication is also present in non-human primates, most prominently in Diana monkey alarm calls. Previous work has suggested that the acoustic structure of these calls is the product of a non-uniform vocal tract capable of some degree of articulation. In this study we test this hypothesis by providing morphological measurements of the vocal tract of three adult Diana monkeys, using both radiography and dissection. We use these data to generate a vocal tract computational model capable of simulating the formant structures produced by wild individuals. The model performed best when it combined a non-uniform vocal tract consisting of three different tubes with a number of articulatory manoeuvres. We discuss the implications of these findings for evolutionary theories of human and nonhuman vocal production.
Introduction
Adult male Diana monkeys (Cercopithecus diana) utter predator-specific alarm calls in response to two of their predators, the crowned eagle (Stephanoaetus coronatus) and the leopard (Panthera pardus), hereafter 'eagle alarm calls' and 'leopard alarm calls'. Nearby monkeys respond appropriately to these calls, without having seen the predator, suggesting that the calls contain information about the external event, that is, the predator type present (Zuberbu¨hler, 2000a (Zuberbu¨hler, , 2003 . In previous work, we have documented that some prominent acoustic features of Diana monkey alarm calls are best conceptualised as formants, the resonance frequencies of the vocal tract (Riede and Zuberbu¨hler, 2003a,b) . Formants are the acoustic product of a series of bandpass filters that shape the sound primarily produced by actions of the vocal folds in the larynx and emitted from the mouth. The filtering process takes place in the entire vocal tract, which consists of the pharynx, as well as the laryngeal, nasal, and oral cavities. The crosssectional diameters and length of the vocal tract determines the location of the formants' acoustic energy. During speech production in humans the shape of the vocal tract is changing constantly and rapidly, due to precise movements of the various articulators, such as the lips, tongue, jaw, or larynx.
For many years, it has been the default assumption that mammalian vocal tracts, including those of non-human primates, resemble a uniform or flared tube during vocalization (Lieberman, 1968; Lieberman et al., 1969; Shipley et al., 1991) . In a uniform cylindrical vocal tract the resonance frequencies are expected to appear as odd numbered multiples of the first resonance, and all resonances are evenly spaced. The straight line in Fig. 1 represents the different combinations of the first and second formants, which would be expected under the uniform tube assumption for different vocal tract lengths and of a given diameter. More recently, various studies challenged this view, by suggesting that some animal vocalisations are the product of non-uniform vocal tracts (e.g. Owren et al., 1997) . For example, we have previously demonstrated that the location of the first (F1) and second (F2) formant in Diana monkey alarm calls cannot be explained by a uniform vocal tract but must be the result of a more complex vocal tract geometry (Riede and Zuberbu¨hler, 2003b , see dots in Fig. 1) .
Second, in previous work we have shown that Diana monkey leopard and eagle alarm calls differ most prominently in the fine structure of the formants albeit showing very little variability in the fundamental frequency (Riede and Zuberbu¨h-ler, 2003a,b) . In particular, the first and second formant (higher formants are only rarely detectable in the spectrum) of Diana monkey leopard alarm calls exhibit a threefold stronger decrease in frequency compared to the spectrographically less modulated formants in the eagle alarm calls (Fig. 2) , suggesting that these animals are able to adjust the shape of their vocal tracts during vocal behaviour independent of the laryngeal source.
These observations have lead to the hypothesis that Diana monkeys possess some control over the shape of their vocal tract, and that they employ this ability to communicate about some important environmental events. In humans, acts of active changes in vocal tract shape during vocalization are termed articulation, the result of movement of the tongue, the mandible, the lips, the larynx and so on. For example, narrowing the lip aperture causes a lowering of the formants (Stevens, 1999, p. 284) , an articulatory manoeuvre that can also be observed in Diana monkeys, especially when producing leopard alarm calls (Riede and Zuberbu¨h-ler, 2003 a,b) . Evidence for articulation caused by mouth opening also exists from studies of the vocal behaviour of rhesus monkeys (Macaca mulatta, Hauser et al., 1993; Hauser and Scho¨n-Ybarra, 1994) and domestic cats (Felis catis, Shipley et al., 1991) . A second articulatory manoeuvre that could explain the formant behaviour in Diana monkey alarm calls is the lowering of the larynx (Story et al., 1996; Fitch, 2000; Fitch and Reby, 2001) . Acoustically, lowering the larynx causes an equal lowering of all formants due to vocal tract elongation. As both articulatory manoeuvres have previously been described in animal communication, it is likely that they are promising candidates to explain the formant acoustics of Diana monkey alarm calls as well. Yet, the relative amount of variation explained by them and whether or not the acoustic effects they generate are sufficient remains unknown and needs to be investigated.
Here, we provide measurements of vocal tract length and shape from three anaesthetised Diana monkeys using lateral radiographs. We additionally present results of the dissection of one male specimen. We then use these findings to generate the most likely computational model of a Diana monkey vocal tract to test how much formant change each of several changes in vocal tract geometry can account for, and whether or not a single change is sufficient for producing the formant characteristics observed in the natural alarm calls.
Methods

Radiography
Two adult males and one adult female Diana monkey (C. diana diana) from the Baltimore Zoo In each call F1 and F2 were measured at the beginning of the call, in the middle and at the end. Formant data were taken from Riede and Zuberbu¨hler (2003b) . The monkey data are plotted within the American-English F1/F2 vowel space mapping (redrawn from data of Lee et al., 1999) . Human formant data are for adult males (dashed ellipses) and for 10-12 year old children (solid ellipses) ( Table 2 and Fig. 4 in Lee et al., 1999) . Human vowel data were recorded from subjects saying the target words bead /IY/, bat /AE/, pot /AA/, ball /AO/, boot /UW/ (Lee et al., 1999) . The straight line represents the expected F1 and F2 values for uniform/cylindrical tubes of certain length, according to the equation Fn Z (2n ÿ 1)c/ 4L ; (n Z n-th formant, c Z speed of sound; L Z length of the vocal tract). Fig. 1b . Same formant (F1, F2) data for Diana monkeys as in Fig. 1a . The open ellipses represent ranges for formant data for male (B_m) and female (B_f) chacma baboon grunts (redrawn from Owren et al., 1997; Rendall et al., 2004) , and for human laughter (man: H_m, woman: H_f) (redrawn from Bachorowski and Owren, 2001) , for rhesus monkey coo calls (R_c) and grunt calls (R_g) (estimated after data from Fitch 1997; Rendall et al., 1998) and for male Red Deer roars (D) (estimated after data from Fitch and Reby, 2001) . The straight line, as in Fig. 1a served as subjects. In November 2002, the animals were anaesthetised with Ketamine (9.5 mg/kg) or a combination of Tiletamine-Zolazepam (4.3-5 mg/ kg) via intramuscular injection as part of their routine annual medical examination. Each animal was then placed in lateral recumbence on a radiographic table. Lateral images of the head-neck region were taken, one with a relaxed head position and another with a straightened head position. A one-centimetre lead reference square was positioned at the midsaggital level of the head for calibration. The vocal tract length (VTL) was determined from tracings of the X-ray images using a Microtek MRS-600Z scanner and Scion Image Beta 4.0 (www.scioncorp.com) for measuring. Image clarity was sufficient to delineate the outlines of the oral vocal tract. The midpoint of the thyrohyoid bone, which was always visible, was used as the point of origin for all vocal tract length measurements. The thyrohyoid appeared on radiographs just cranial to the glottis. Thus, our estimate was slightly smaller than the actual vocal tract length but in a manner consistent across individuals. We then drew a curvilinear line from the midpoint of the thyrohyoid cartilage along the line of the soft and hard palates to the front of the incisors (Fig. 3) . We used this line as an estimate of the length of the vocal tract using the calibration squares as a reference. Skull length was defined as the distance between the front of the incisors and the external occipital protuberance of the occipital bone. Studies in dogs have shown that these measurements are reliably replicable (Riede and Fitch, 1999) . We estimated the shape of the vocal tract by measuring the rostroventral distance along the laryngeal, pharyngeal, and oral cavities, from the glottis to the lips.
Dissection
Portions of a carcass from an adult male Diana monkey were obtained from the Baltimore Zoo. The specimen was collected in August 2003 and was deep-frozen within 36 hours post-mortem. Unfortunately, the thorax had been severely damaged during pathological examination, thus the dimension of the airsac cavity could not be completely investigated. The specimen was then cut in the median plane and each half was photographed.
Modelling the vocal tract
A popular vocal tract model used for simulation of vowel sounds is the ''Wave-Reflection Analogue'' (or ''Wave Digital Filter'') (Smith, 1992 (Smith, , 1998 . The model divides the three-dimensional vocal tract into a finite number of cylinders of certain length. Reflection coefficients are calculated at each cylinder junction, based on the relative areas of adjoining sections. In this model, waves propagate through the system as a function of the reflection coefficients, which determine the incident and reflected components of the pressure waves at each junction at each step in time. This has the effect of transporting a wavefront from section to section. We chose the commonly used practice of setting the reflection coefficients at the sound source and at the mouth opening at 1 (e.g. Olesen, 1995, p. 29) . The Wave-Reflection-Analogue is an attractive method for acoustic modelling of the vocal tract because computations are performed serially in time-synchrony with the acoustic wave propagation (Story et al., 1996) . Computations are efficient because the equations describing the wave propagation take on a digital filter structure in their final form.
Results
Radiography and dissection
Vocal tract length
The oral vocal tract lengths in the three radiographed individuals were 9.7 and 10.5 cm (males A and B) and 8.9 cm (female). The oral vocal tract length in the dissected individual (male B) was 10.1 cm (Table 1) .
Vocal tract shape
During vocalization, the animals' head is lifted so the mouth points forward. We observed that in this head position, the epiglottis was touching the soft palate. The vocal tract had a non-uniform shape caused by a major constriction separating the front oral cavity from the laryngo-pharyngeal cavity. The constriction which is built by the tongue and the palate, extends over 2 to 4 cm. Fig. 4 summarises radiograph measurements of rostroventral distances in the vocal tract as a function of the distance from the glottis.
Larynx
The length of the vocal folds in the freshly dissected specimen was 11 mm on both sides. Cercopithecines possess airsacs branching off from the larynx, located subcutaneously in the throat and ventral thorax area, and these structures are very likely to affect the acoustic output (Gautier, 1971) . In our specimen the air sac projected medially between the thyroid cartilage and the epiglottis toward the subcutaneous area of the neck. However, because of severe damage to the thorax of the specimen we were not able to reconstruct the dimensions of the air sac.
Modelling the vocal tract
Our goal was to simulate the formant behaviour as observed in natural alarm calls, particularly to account for the formant transitions that characterise the leopard alarm calls. Is a single vocal tract adjustment, such as the movement of larynx, mouth, or jaw, sufficient to achieve the naturally observed formant behaviour?
Vocal tract non-uniformity
Formants in Diana monkey alarm calls are the likely product of a non-uniform vocal tract (Riede and Zuberbu¨hler, 2003a,b) , in the simplest case a two-tube model. A two-tube vocal tract can produce vowels with a low second formant, like the /a/ vowel, as demonstrated for instance by Stevens (1972) . The lowest F2 values are achieved if both segments are of the same length. However, in our case a two-tube model, created by a narrow laryngo-pharyngeal tube attached to a wider oral tube, was unable to generate the formant patterns in the natural Diana monkey alarm calls, mainly due to the insufficient lowering of the second formant (see calculations in the next paragraph). Interspersing a third narrow connecting tube between the laryngo-pharyngeal back tube and the frontal oral tube is known to lower the second formant dramatically while the first formant is mildly increased (e.g. Stevens, 1972) . Finally, adding a small fourth tube will allow for separate lip aperture and variable mouth opening, hereby accommodating natural observations.
The formant values for (a) natural alarm calls and (b) different tube dimensions of the model are given in Table 2 . Our anatomical results indicated a VTL in adult Diana monkeys of about 10 cm. However, in a uniform cylindrical vocal tract the first formant would be expected to be much higher than measured in Diana monkey alarm calls, while the second formant would be much lower (Fig. 1) . A 10 cm uniform 1-tube model (1 cm diameter) Our anatomical and observational data combined with the physics of tube resonance acoustics therefore suggest a 3-tube model with a short fourth tube attached to the end as the best model to explain Diana monkey vocal behaviour (Fig. 5) .
Articulation
Leopard alarm calls are the likely product of articulation, as evidenced by the two formants undergoing a dramatic downward modulation during the first half of a call (Fig. 2) (Riede and Zuberbu¨hler, 2003b ). In our model, closing the mouth corresponded with a lowering of the tube D diameter, leading to a decrease in the first two formant frequencies. However, with this manoeuvre the second formant decreased more strongly than the first formant, unlike in the natural call (Table 2, #5). This suggested that Diana monkeys engaged in additional articulatory manoeuvres while producing leopard alarm calls. To accommodate for these findings we added the following two articulatory manoeuvres to the model which brought its formant values to a very good match with those of the natural calls: (a) elongation of tube A by about 4% (corresponding to a laryngeal lowering of about 4 mm; see Table 2 , #6), (b) narrowing of tube C by about 17% (corresponding to a rising of the mandible by about 4 mm, leading to narrowing of the frontal cavity accompanying mouth closing; see Table 2 , #7). Finally, in leopard alarm calls the first and second formants increase slightly from the middle of the call to the end of the call (Table 2) . Our model could simulate this effect by slight adjustments in the mouth opening and the larynx position (Table 2, #8). 
Discussion
In this study we were interested in the vocal tract structure and motor patterns underlying alarm call production in wild Diana monkeys. We have collected a set of anatomical data, which allowed us to estimate the length and shape of the vocal tract in this species with satisfactory accuracy. We used these measurements in combination with a number of theoretical considerations to construct a simple computational model of the Diana monkey vocal tract that simulated the natural calls remarkably well. The model consisted of a three-tube non-uniform vocal tract, with an additional short forth tube, which could engage in three types of simultaneous articulatory manoeuvres to change the overall shape of the vocal tract: mouth closing, jaw movement, larynx movement.
Vocal tract shapes change considerably during all sorts of activities, such as food intake (see for instance Lieberman and McCarthy, 1999) and still X-ray images from dead or anaesthetized animals may not necessarily capture the entire range of vocal tract mobility during vocalization. To address questions of motor patterns underlying vocal behaviour, the ideal approach is to observe the movement of the articulators in the animal's vocal tract during vocalisation, using cine-radiographic or related techniques (e.g. Fitch, 2000; Riede et al., 2004) . For a number of reasons this approach was unsuitable here. First, there are no other species known which produce these acoustic features and could serve as a comparison. Second, Diana monkeys are a highly endangered species, which excludes any kind of risky or invasive research. Computational modelling thus may be the best approach to identify likely mechanisms of vocal production and articulation.
Vocal tract length
Earlier interpretations of the formant patterns in Diana monkeys relied on simple skull measurements (Riede and Zuberbu¨hler, 2003b) . In this study, we were able to provide more accurate data using radiography and dissection. The vocal tract length in 3 anaesthetised and 1 dead Diana monkeys ranged between 9 and 11 cm. The true vocal tract length during vocalisation might be slightly different due to protrusion of the lips or temporary up-and-down-movements of the larynx. Laryngeal lowering during vocalisation has been reported in piglets (Sus scrofa), domestic dogs (Canis familiaris), goats (Capra hircus), cotton-top tamarins (Saguinus oedipus) (Fitch, 2000) , and red deer (Cervus elaphus; Fitch and Reby, 2001 ). We therefore concluded that changes in vocal tract length, caused by mild larynx lowering, are a mechanism likely to take place during Diana monkey alarm calling.
Vocal tract shape
Non-uniformity is an important characteristic of the human vocal tract (e.g. Story et al., 1996) . It has been a tacit assumption that non-human primate vocalisations are the result of a uniform tube-like or a flared tube-like vocal tract, resulting in F1 and F2 to be situated along the straight line in Fig. 1 . Our data from Diana monkeys show that this is not true for all non-human primates. Our anatomical data indicate that the larger frontal oral cavity and the smaller laryngo-pharyngeal cavity are separated by a constriction, the Isthmus faucium, which is built by the tongue and the palate. This kind of non-uniformity has been reported in a baboon (Zhinkin, 1963, p. 162) , in cotton-top tamarins (Fig. 2 in Fitch, 2000) , and it is further supported by formant data in domestic dogs (Riede and Fitch, 1999;  Fig. 1b this study) . Non-uniformity of this kind is not reported for the vocal tracts of cats and pigs (cats: Shipley et al., 1991; pigs: Fitch, 2000) .
Speech production
In 3-month old infants, the larynx and the root of the tongue begin to descend into the pharyngeal cavity (Laitman et al., 1977; George, 1978) . As a consequence, the tongue becomes increasingly mobile and serves as the anterior wall of the pharynx, an arrangement that permits prominent alternations in the cross-sectional area and shape of the vocal tract. In older infants and adult humans, temporary deviations from uniformity are normal during vowel production (Fig. 1b) . The formant characteristics of the vowels are the result of unique shapes of the vocal tract (Titze, 1994; Story et al., 1996) . In non-human primates, the larynx is normally positioned higher in the pharynx (Keleman, 1948 (Keleman, , 1969 Laitman et al., 1977) although a laryngeal descence during early ontogeny has been described in chimpanzees (Nishimura et al., 2003) . This position can be altered by specific muscles (Negus, 1949) , but nonhuman primates are thought to make only restricted use to change the shape of their vocal tracts during vocalization (Lieberman and McCarthy, 1999) , similar to humans when producing a schwa vowel (Lieberman, 1968) . Here we demonstrated that the vocal tract in Diana monkeys during leopard alarm call production is likely to undergo a complex motor pattern not described for a non-human primate before.
Modelling the Diana monkey vocal tract
As such, the model was able to explain two acoustic 'anomalies' in the Diana monkey alarm calls, that is, the close proximity of the first and second formant in both alarm call types (explained by a 3-tube approach) and the prominent formant downward modulation in the leopard alarm calls (explained by the simultaneous movement of at least 3 articulators).
It was assumed earlier that the non-human mammalian vocal tract cannot create vowels as /u/ or /o/ because the production of these vowels requires an extreme constriction in the vocal tract. As mentioned above, studies in other non-human primates and the present study suggest that this constriction is not uniquely human. Moreover, a modelling approach of the Neandertal vocal tract suggests that this early hominid was equally capable of producing the full range of vowels due to a similar constriction (Boe et al., 2002) , despite the fact that their vocal tract were characterised by a higher laryngeal position than in the modern humans.
Our model showed that one single change of vocal tract shape alone could not account for the formant lowering in leopard alarm calls. It was the combination of an initially non-uniform vocal tract and the several simultaneous articulatory manoeuvres that provided the best match between simulated and real data. Direct observations of vocalising Diana monkeys suggested that males not only narrow the lip aperture but also raise the mandible. Our model incorporated this fact by simulating changing the lip aperture and mandible movement (i.e. narrowing diameter of tubes C and D; Fig. 5 ). It also addressed the effect of larynx descending and its effect on lowering the first and second formant.
Modelling approaches rely heavily on anatomical information in order to produce meaningful output. This is because the same or similar formant patterns can be obtained with a range of different vocal tract configurations (see for example discussion in Espy-Wilson et al., 2000) . In this study, we only incorporated assumptions that were based on empirical evidence provided by our anatomical findings or on facts provided by earlier investigations.
Three important questions were not addressed in this study but await further investigation: (a) the possibility of nasalization and (b) the acoustic role of air sacs. The potential acoustic effects have been discussed elsewhere (Riede and Zuberbu¨hler, 2003b) . (C) The possibility of tongue movement has been demonstrated during swallowing (Hiiemae et al., 1995) but is unknown to take place during vocalization. Before incorporating these structures into models further anatomical investigations will be necessary.
Evolutionary implications
At least three implications for theories of speech evolution emerge from this study. First, a recent study on Neanderthal vocal tracts suggests that a low larynx alone is not a sufficient anatomical prerequisite for producing the full range of vowels (Boe et al., 2002) . Our findings on Diana monkey vocal behaviour corroborate this conclusion. Second, articulatory effects within a single utterance are very important in human speech, generated by the rhythmic mandible-generated open-close alternation of the mouth (MacNeilage and Davis, 2000) . Modern languages share certain patterns of consonant-vowel co-occurrences, the result of biomechanical constraints associated with mandibular movements (MacNeilage, 1998; MacNeilage and Davis, 2000) . Our data show that these patterns are also present in non-human primate vocal production. Diana monkeys appear to engage in the same rhythmic mandible-generated open-close alternation of the mouth during a leopard alarm call bout. Our modelling data suggest that articulation in the leopard alarm calls takes place by narrowing the lip aperture accompanied with raising the mandible. Since leopard alarm calls are uttered in bouts, the basic pattern would be raising (during vocalisation) and lowering (between calls) of the mandible. Third, two utterances in humans have been considered most similar to non-human vocalisation, because of their non-verbal characteristics, laughing and infant crying. Laughing is acoustically a highly variable utterance (Bachorowski and Owren, 2001 ) without consonants, which demonstrated a persistent lack of articulation effects in supralaryngeal filtering (Bachorowski and Owren, 2001; Owren and Bachorowski, 2003) . Infant crying is acoustically very variable, but the acoustic variability can be ascribed to source characteristics (Zeskind and Collins, 1987; Mende et al., 1990) , suggesting that articulation plays no major role (Lieberman et al., 1971) . Diana monkey leopard alarm calls do not resemble either of these human utterances but overlap substantially with the /a/ vowel and the /o/ vowel F1/F2-range of a 10 to 12 years old child with a similar vocal tract length (Fig. 1a) .
In most other non-human species, however, formant frequencies do not vary appreciably within single calls (e.g. Chacma baboons Papio hamadrayas ursinus: Owren et al., 1997) . However, articulatory effects within a single utterance have been described for domestic cats and for red deer. In domestic cats, jaw movement appear to be the most powerful articulator in 'meow' vocalisations, responsible for the formant change within a single call (Shipley et al., 1991) . In red deer, formant variability has been ascribed to extreme lowering of the larynx during a single call (Fitch and Reby, 2001) . In this respect Diana monkeys are a first example of animal vocalisations where acoustic and anatomical data suggest non-uniformity of the vocal tract. Some investigators have argued that primates and non-primates can prominently manipulate the position of the lips (Hauser, 1992; Hauser et al., 1993; Hauser and Scho¨n-Ybarra, 1994) , larynx (Fitch, 2000; Fitch and Reby, 2001) and tongue (Hiiemae et al., 1995) , thus changing the length, shape, and thus presumably resonances of the vocal tract. However, available formant data in other species suggest more or less uniform vocal tract conditions (Fig. 1b) . In sum, our study shows that a number of vocal tract adaptations important in human speech production are also present in a non-human primate. In Diana monkeys, these are a non-uniform vocal tract and three different articulation mechanisms caused by movement of the mandible, the lips, and the larynx. Moreover, Diana monkeys utilise these mechanisms to produce two types of vocalisations, which function to communicate important events in the environment.
One remaining question about the Diana monkey alarm call system is whether formant variability is perceptually relevant for conspecific recipients. So far, playback experiments have shown that leopard and eagle alarm calls are discriminated by conspecifics (Zuberbu¨hler, 2000a) , by other monkeys such as Campbell's monkeys (Cercopithecus campbelli) (Zuberbu¨hler, 2000b) , and even by birds (Rainey et al., 2004a,b) . It remains unknown which acoustic parameters recipients attend to when making these discriminations, although formants are very likely candidates (Hienz and Brady, 1988; Owren, 1990a,b; Sommers et al., 1992) .
